Serpins, a group of proteins with similar structural and functional properties, were first identified based on their unique mechanism of action: their inhibition of proteases. While most serpins have inhibitory roles, certain serpins are not involved in canonical proteolytic cascades but perform diverse functions including storage of ovalbumin in egg white, transport of hormones (thyroxine-and cortisol-binding globulin), and suppression of tumors. Of these, serpin peptidase inhibitor, clade B, member 11 (SERPINB11) is not an inhibitor of known proteases in humans and mice, and its function is unknown. In the present study, the SERPINB11 gene was cloned, and its expression profile was analyzed in various tissues from chickens. The chicken SERPINB11 gene has an open reading frame of 1346 nucleotides that encode a protein of 388 amino acids that has moderate homology (38.8%-42.3%) to mammalian SERPINB11 proteins. Importantly, SERPINB11 mRNA is most abundant in the chicken oviduct, specifically luminal and glandular epithelia, but it was not detected in any other chicken tissues of either sex. We then determined effects of diethylstilbestrol (DES; a synthetic nonsteroidal estrogen) on SERPINB11 expression in the chicken oviduct. Treatment of young chicks with DES induced SERPINB11 mRNA and protein only in luminal and glandular epithelial cells of the oviduct. Collectively, these results indicate that the novel estrogen-induced SERPINB11 gene is expressed only in epithelial cells of the chicken oviduct and implicate SERPINB11 in regulation of oviduct development and differentiated functions.
INTRODUCTION
As the primary female sex hormone, estrogen controls a variety of biological events such as cell proliferation and differentiation, protection against apoptosis, and diabetes [1, 2] .
The action of estrogen is mediated by its cognate nuclear receptors, estrogen receptors alpha or beta, and it then binds to specific estrogen response elements in DNA to activate transcription of target genes [3] . The mammalian oviduct undergoes diverse biological changes in response to sex steroids during the estrous cycle and early pregnancy, as these actions are pivotal in establishing an optimal microenvironment from gamete transport to early embryonic development [4] . The chicken is known to be one of the best animal models for investigating the biological actions and signaling pathways of estrogen [5] . In the chicken oviduct, estrogen induces both cell proliferation and differentiation and has antiapoptotic effects [6, 7] . In particular, estrogen stimulates formation of tubular glands and differentiation of epithelial cells into goblet and ciliated cells in the chicken oviduct [8] . In addition, estrogen affects calcium metabolism for eggshell formation [9, 10] .
SERPINs are serine and cysteine peptidase inhibitors with a single common core domain consisting of three b-sheets and 8 to 9 a-helices that have been identified in a variety of species based on the inhibitors' unique mechanism of action [11, 12] . SERPINs are commonly present in plasma, where they support biological processes such as angiogenesis, immune responses, and fibrinolysis. More than 1500 types of SERPINs have been identified, including 36 human SERPINs, as well as those in plants, fungi, bacteria, and viruses [13, 14] . Thus, SERPINs comprise the largest and most diverse superfamily of protease inhibitors [15] . The human genome encodes 17 SERPIN clades, termed SERPINA to SERPINP, encoding 29 inhibitory and 7 noninhibitory SERPINs [12] . Interestingly, SERPINs differ from other common inhibitors in that they inhibit their target peptidase or protease by serving as their substrates. Most human SERPINs are secreted and circulate in the blood, but clade B serpins lack signal peptides [16] and thus exist in cytoplasm or nucleocytoplasmic area as intracellular proteins [17, 18] . Even though recent reports indicate that the clade B SERPIN family is highly conserved in gene arrangement, the functions of many of them are unknown [14, 19] .
Our laboratory used differential gene profiling data for the chicken oviduct to identify the avian homolog of human SERPINB11 transcript as being highly expressed in chicks treated with the synthetic estrogen agonist diethylstilbestrol (DES) [20] . Little is known about the expression and function of SERPINB11 in most species, except for humans and mice [14] ; therefore, the objectives of this study were (1) to compare the primary SERPINB11 sequences of chicken with those of selected mammalian species; (2) to determine tissue-and cellspecific expression of the SERPINB11 gene in various organs of the chicken; and (3) to determine whether estrogen regulates expression of SERPINB11 mRNA and protein during oviductal development in chicks. Results of this study provided novel insights into the SERPINB11 gene with respect to its sequence, tissue-specific expression, and regulation of its expression during development of the chicken oviduct.
MATERIALS AND METHODS

Experimental Animals and Animal Care
The experimental use of chickens for this study was approved by the Institute of Laboratory Animal Resources, Seoul National University (SNU-070823-5). White Leghorn (WL) chickens were subjected to standard management practices at the University Animal Farm, Seoul National University, Korea. The management, reproduction, and embryo manipulation procedures adhered to standard operating protocols of our laboratory. All chickens were exposed to a 15L:9D regimen with ad libitum access to feed and water.
Tissue Samples
Following euthanasia of the WL chickens, tissue samples were collected from brain, heart, liver, kidney, muscle, small intestine, gizzard, ovary, oviduct, and testis of 1-to 2-yr-old males (n ¼ 3) and females (n ¼ 3). Subsets of these samples were frozen or fixed in 4% paraformaldehyde for further analyses. Frozen tissue samples were cut into 5-to 7-mm pieces, frozen in liquid nitrogen vapor, and stored at À808C. The other samples were cut into 10-mm pieces and fixed in fresh 4% paraformaldehyde in PBS (pH 7.4). After 24 h, fixed tissues were changed to a solution of 70% ethanol for 24 h and then dehydrated and embedded in Paraplast-Plus (Leica Microsystems, Wetzlar, Germany). Paraffinembedded tissues were sectioned at 5 lm.
DES Treatment and Oviduct Retrieval
Female chicks were identified by PCR analysis using W chromosomespecific primer sets [21] . Treatment with DES and recovery of the oviduct were conducted as reported previously [22, 23] . Briefly, a 15-mg DES pellet was implanted subcutaneously in the abdominal region of 1-wk-old female chicks for 10 days. The DES pellet was removed from all chicks for 10 days, and then a 30-mg dose was administered for 10 additional days [23] . Five chicks in each group were euthanized using 60%-70% carbon dioxide. Subsets of these samples were frozen or fixed in 4% paraformaldehyde for further analyses. Frozen tissue samples were cut into 5-to 7-mm pieces and frozen in liquid nitrogen. The other samples were cut into 10-to 15-mm pieces and fixed in fresh 4% paraformaldehyde in PBS (pH 7.4). After 24 h, fixed tissues were changed to a solution of 70% ethanol for 24 h and then dehydrated and embedded in Paraplast-Plus (Leica Microsystems, Wetzlar, Germany). Paraffinembedded tissues were sectioned at 5 lm.
RNA Isolation
Total cellular RNA was isolated from frozen tissues using TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's recommendations. The quantity and quality of total RNA were determined by spectrometry and denaturing agarose gel electrophoresis, respectively.
Sequence Analysis
For pair-wise comparisons and multiple sequence alignment, the amino acid sequences of SERPINB11 genes from each species were aligned using Geneious Pro version 5.04 software (Biomatters Ltd.) [24] , with default penalties for gap, and the protein weight matrix of Blocks Substitution Matrix (BLOSUM; Biomatters Ltd.). A phylogenetic tree was constructed using the neighbor-joining method [25] of Geneious Pro version 5.04 software [24] . To determine the confidence level for each internal node on the phylogenetic tree, 1000 nonparametric bootstrap replications were used [26] .
Semiquantitative RT-PCR Analysis
The expression levels of SERPINB11 mRNA in various organs from chickens, including the oviduct, were assessed using semiquantitative RT-PCR as described previously [27] . The cDNA was synthesized from total cellular RNA (2 lg) by using random hexamer (Invitrogen, Carlsbad, CA) and oligo(dT) primers and AccuPower RT PreMix (Bioneer, Daejeon, Korea). cDNA was diluted (1:10) in sterile water before use in PCR. For SERPINB11 expression, the sense primer (5 0 -CGG AGA CCT GAG CAT GTT GG-3 0 ) and antisense primer (5 0 -TAT CAC CCC TGT GGA GCC TG-3 0 ) amplified a 337-bp product. For the glyceraldehyde 3-phosphate dehydrogenase (GAPDH) housekeeping gene, the sense primer (5 0 -TGC CAA CCC CCA ATG TCT CTG TTG-3 0 ) and antisense primer (5 0 -TCC TTG GAT GCC ATG TGG ACC AT-3 0 ) amplified a 301-bp product. Primers, PCR amplification, and verification of their sequences were conducted as described previously [27] . PCR amplification was conducted using approximately 60 ng of cDNA consisting of (1) 958C for 3 min, (2) 958C for 20 sec, then 608C for 40 sec (for SERPINB11 and GAPDH) and 728C for 1 min for 33 cycles, and (3) 728C for 10 min. Then, equal amounts of reaction product were analyzed using a 1% agarose gel, and PCR products were visualized using ethidium bromide staining. The amount of DNA present was quantified by measuring the intensity of light emitted from correctly sized bands under ultraviolet light, using a Gel Doc XRþ system with Image Lab software (Bio-Rad).
Quantitative RT-PCR Analysis
Total RNA was extracted from each oviduct of control and DES-treated chicks by using TRIzol (Invitrogen) and purified using an RNeasy mini-kit (Qiagen). Complementary DNA was synthesized using AccuPower RT PreMix (Bioneer, Daejeon, Korea). Gene expression levels were measured using SYBR Green (Sigma, St. Louis, MO) and a StepOnePlus real-time PCR System (Applied Biosystems, Foster City, CA). The GAPDH gene was simultaneously analyzed as a control and used for normalization. Expression levels of each target gene and the GAPDH gene were analyzed in triplicate. Using the standard curve method, we determined levels of expression of the examined genes by using the standard curves and threshold cycle (C T ) values and normalized them based on GAPDH expression levels. PCR conditions were 958C for 3 min, followed by 40 cycles at 958C for 30 sec, 608C for 30 sec, and 728C for 30 sec, using melting curve software (increasing the temperature from 558C to 958C at a rate of 0.58C per 10 sec) and continuous fluorescence measurement. 6-Carboxy-X-rhodamine dye (Invitrogen) was used as a negative control for measurements of fluorescence. Sequence-specific products were identified by generating a melting curve in which the C T value represented the cycle number at which a fluorescent signal was significantly greater than that of the background, and relative gene expression was quantified using the 2 -DDCT method [28] . For the control, the relative quantification of gene expression was normalized to the C T value of the control oviduct.
In Situ Hybridization Analysis
For hybridization probes, PCR products were generated from cDNA, with the primers used for RT-PCR analysis. Products were gel-extracted and cloned into pGEM-T vector (Promega). After verification of the sequences, plasmids containing gene sequences were amplified with T7-and SP6-specific primers (T7 sequence, 5 0 -TGT AAT ACG ACT CAC TAT AGG G-3 0 ; SP6 sequence, 5 0 -CTA TTT AGG TGA CAC TAT AGA AT-3 0 ), then digoxigenin (DIG)-labeled RNA probes were transcribed using a DIG RNA labeling kit (Roche Applied Science, Indianapolis, IN). Tissues were collected and fixed in 4% paraformaldehyde. Tissues were embedded in paraffin and sectioned at 5 lm on 3-aminopropyltriethoxysilane-treated (silanized) slides. Sections were then deparaffinized in xylene and rehydrated in diethylpyrocarbonate (DEPC)-treated water through a graded series of alcohol solutions. Sections were treated with 1% Triton X-100 in PBS for 20 min and washed twice in DEPC-treated PBS. After sections were washed in DEPC-treated PBS, they were digested with 5 lg/ml proteinase K (Sigma) in TE buffer (100 mM Tris-HCl, 50 mM EDTA, pH 8.0) at 378C. After sections were fixed in 4% paraformaldehyde, they were incubated twice for 5 min each in DEPC-treated PBS and incubated in 0.1 M triethanolamine buffer containing 0.25% (v/v) acetic anhydride. Sections were incubated in a prehybridization mixture containing 50% formamide and 43 standard saline citrate (SSC) for at least 10 min at room temperature. After prehybridization, sections were incubated in a hybridization mixture containing 40% formamide, 43 SSC, 10% dextran sulfate sodium salt, 10 mM 1.4-dithiothreitol (Roche), 1 mg/ml yeast tRNA, 1 mg/ml salmon sperm DNA, 0.02% Ficoll (Sigma), 0.02% polyvinylpyrrolidone, 0.2 mg/ml RNasefree bovine serum albumin, and denatured DIG-labeled cRNA probe overnight at 428C in a humidified chamber. After hybridization, sections were washed for 15 min in 23 SSC at 378C, for 15 min in 13 SSC at 378C, for 30 min in NTE buffer (10 mM Tris, 500 mM NaCl and 1 mM EDTA) at 378C, and finally for 30 min in 0.13 SSC at 378C. After blocking with 2% normal sheep serum (Santa Cruz Biotechnology, Santa Cruz, CA), sections were incubated overnight with sheep anti-DIG antibody conjugated to alkaline phosphatase (Roche). The signal was visualized by exposure to a solution containing 0.4 mM 5-bromo-4-chloro-3-indolyl phosphate, 0.4 mM nitroblue tetrazolium, and 2 mM levamisole(Sigma).
Immunohistochemistry
Immunocytochemical localization of SERPINB11 protein in the chicken oviduct was performed as described previously [29] , using goat anti-human SERPINB11 IN THE CHICKEN OVIDUCT SERPINB11 polyclonal antibody (catalog no. sc-85140; Santa Cruz Biotechnology) at a final dilution 1:100 (2 lg/ml). Antigen retrieval was performed using the boiling citrate method as described previously [29] . Negative controls included replacement of the primary antibody with purified nonimmune goat immunoglobulin G (IgG) at the same final concentration.
Western Blot Analyses
Whole oviduct extracts and immunoblot assays were prepared and performed as described previously [30] . Oviducts from chickens treated with DES and from control chickens were rinsed with cold PBS and lysed by homogenization for 5 min in ice-cold lysis buffer (1% Triton X-100, 0.5% Nonidet P-40, 150 mM NaCl, 10 mM Tris, 1 mM EDTA, 1 mM EGTA, 0.2 mM Na 3 VO 4 , 0.2 mM phenylmethylsulfonylfluoride, 50 mM NaF, 30 mM Na 4 P 2 O 7 , 1 lg/ml leupeptin, and 1 lg/ml pepstatin). Cell lysates were clarified by centrifugation (16 000 3 g, 15 min, 48C). Protein content was determined by using the Bradford protein assay (Bio-Rad, Hercules, CA) with bovine serum albumin as the standard. Proteins were denatured, separated using 10% SDS-PAGE, and transferred to nitrocellulose membranes. Blots were developed using enhanced chemiluminescence detection (SuperSignal West Pico; Pierce, Rockford, IL) and quantified by measuring the intensity of light emitted from correctly sized bands under ultraviolet light, using a ChemiDoc EQ system and Quantity One software (Bio-Rad, Hercules, CA). Immunoreactive SERPINB11 protein was detected by using goat anti-human SERPINB11 polyclonal antibody (catalog no. sc-85140; Santa Cruz Biotechnology) at a final dilution
Statistical Analyses
All statistical analyses were performed using Student t-test SAS software (SAS Institute, Cary, NC). Differences were considered significant at a P value of ,0.05.
RESULTS
Multiple Sequence Alignment, Pairwise Comparisons, and Phylogenetic Analysis
The chicken SERPINB11 gene was found in the genomic region spanning 7071 bp on chromosome 2. The gene consists of eight exons, and the mRNA has 1346 bp encoding a protein with 388 amino acid residues. The primary chicken SER-PINB11 sequence was compared to those of some other mammalian species. Chicken SERPINB11 protein contained a reactive center loop required for inhibitor function in members of the serpin gene family [31] and as found in mammalian SERPINB11 (see Supplemental Fig. S1 , available online at www.biolreprod.org). In pairwise comparisons of chicken SERPINB11 proteins with those of 10 other vertebrates, chicken SERPINB11 protein was found to have moderate (38.8%-42.3% [ Table 1 ]) homology to mammalian SERPINB11 proteins. The phylogenetic tree constructed with the neighbor-joining method is shown in Figure 1 . Human and chimpanzee SERPINB11 genes clustered together and formed a larger cluster with the those of orangutan and an even larger cluster with those of sister groups for baboon and rhesus monkey. However, the chicken SERPINB11 protein is in a separate branch but closer to those of rodents than to primates. These results indicate that chicken SERPINB11 diverged from mammalian SERPINB11 at very early stage in its evolution.
SERPINB11 mRNA Expression in Chickens
Analysis of tissue-specific expression patterns of SERPINB11 mRNA in various organs of male and female chickens by using RT-PCR analysis (Fig. 2) revealed that 
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SERPINB11 mRNA was expressed only in the oviduct of female chickens but not in ovary or testes and not in brain, heart, liver, kidney gizzard, or small intestine in either sex. Therefore, this study focused on the chicken oviduct.
Localization of SERPINB11 mRNA and Protein Expression in the Chicken Oviduct
The oviduct of egg-laying hens includes the infundibulum (site of fertilization), magnum (production of components of egg white), isthmus (formation of the shell membrane), and shell gland (formation of the egg shell). To determine cellspecific expression of SERPINB11 mRNA and protein in chicken oviduct, we performed in situ hybridization analysis and immunohistochemistry. SERPINB11 mRNA was most abundant in glandular epithelium (GE) of the magnum and isthmus, and it was also expressed in luminal epithelium (LE) of the infundibulum and LE/GE of the shell gland (Fig. 3) . Little or no mRNA was detected in stromal cells, blood vessels, immune cells, or myometrium of the oviduct. SERPINB11 protein was most abundant in LE of the infundibulum and GE of the shell gland and magnum (Fig. 4) . However, of greatest interest was finding SERPINB11 protein present in LE of the isthmus. Goat IgG used as a negative control did not detect any signal. 
Effects of DES on SERPINB11 mRNA Expression in the Chicken Oviduct
Oviduct-specific and cell-type-specific SERPINB11 expression in the oviductal segments of hens suggested regulation by estrogen during development of the oviduct in chicks. We previously reported that exogenous DES affects growth, development, and differentiation of the chicken oviduct [23] and discovered candidate genes and pathways regulating oviduct development in chickens [20] . Therefore, we examined the effects of DES on SERPINB11 expression in the chicken oviduct. In order to determine if DES regulated expression of SERPINB11 in the oviduct, we exposed 1-wk-old female chicks to two periods of stimulation by using subcutaneous implants of 15-mg and 30-mg DES in the abdominal region for 10 days each [23] . As shown in Figure 5 , real-time PCR analysis revealed that DES induced an approximately 522-fold increase (P , 0.001) in oviductal SERPINB11 mRNA compared to that in control chicks (Fig. 5C ). In addition, DES stimulated approximately 17-, 18.5-, and 110-fold increases (P , 0.01) in SERPINB11 mRNA in the magnum, isthmus, and shell gland, respectively (Fig. 5D) . In situ hybridization analyses revealed that SERPINB11 mRNA was expressed abundantly only in GE of the magnum, isthmus, and shell gland of chick oviducts treated with DES (Fig. 6) . Consistent with results from in situ hybridization analyses, immunoreactive SERPINB11 protein was detected predominantly in LE/GE of the magnum, GE of the isthmus and shell gland, and also at a lower level of abundance in LE of the isthmus and shell gland (Fig. 7) . Furthermore, as illustrated in Figure 8 , Western blot analysis detected abundant SERPINB11 protein in oviducts of DES-treated chicks (P , 0.001).
DISCUSSION
Results of the present study are the first to compare chicken and mammalian SERPINB11 genes with respect to structure and phylogenetic evolution, as well as tissue-specific expression of SERPIN11B mRNA and protein in chickens and regulation of their expression by estrogen in a tissue-and cell- SERPINB11 IN THE CHICKEN OVIDUCT specific manner in the chicken oviduct. These results support our hypothesis that SERPINB11 is required for growth, development, and functional aspects of the mature oviduct of hens in response to estrogen-mediated changes in oviduct function during the reproductive cycle in chickens.
In the present study, we found expression of the SERPINB11 gene in chickens to be regulated by estrogen during development of the oviduct. The avian oviduct is a highly differentiated linear organ with compartments that undergo structural, cellular, and biochemical changes in response to sex hormones during egg formation and oviposition [32] . The oviduct of mature egg-laying hens includes five functionally specific regions: infundibulum (site of fertilization), magnum (production of components of egg-white), isthmus (formation of the soft shell membrane), shell gland or uterus (formation of calcified egg shell), and vagina (oviposition). The oviductal epithelial cells differentiate into various cell types including luminal epithelium, tubular glands lined with epithelial cells, goblet cells, and ciliated cells in the magnum [8] . Of these, epithelial cells of the tubular glands synthesize and secrete large amounts of critical egg white protein such as ovalbumin, conalbumin, lysozyme, and ovomucoid [33] and perhaps transport nutrients such as glucose and amino acids to be incorporated into the egg white. The chicken is a well-established animal model for embryology, reproductive biology, and transgenesis, but little is known about chicken oviduct with respect to the highly hormonal regulation of its specific anatomical components due to the lack of fundamental research related to production of components of egg white by tubular gland cells of the magnum.
Estrogen is required for normal reproductive organ development in female mammals and birds [34] . In addition, estrogen is essential for protective effects against apoptosis of neuronal, endothelial, and testicular cells [35] [36] [37] [38] . Overproduction of estrogens and early exposure of the female to estrogens may cause uterine abnormalities, such as failure of the magnum to calcify the soft shell and a general impairment in the ability of hens to produce eggs [39, 40] . These results indicate that estrogen is essential to uterine homeostasis and for inhibition of apoptosis of cells of the avian reproductive tract 1266 [5] . An overall reduction in secretion of estradiol and progesterone results in regression of the ovary in chickens [41] . Generally, the apoptotic process begins with activation of initiator caspases (CASPs) such as CASP1, CASP2, CASP8, and CASP10, which mediate the activation of effector CASPs including CASP3, CASP6, and CASP7, which then induce apoptosis [42] . Insufficient estrogen levels result in upregulation of CASP1 and CASP2 in the regressing oviduct of chickens [7] ; however, the mechanism(s) responsible is not known [43] .
Since Hunt and Dayhoff [44] discovered that certain molecules share significant amino acid sequence similarity to the major proteins in chicken egg white such as ovalbumin, over 1000 SERPINs have been identified. The major SERPINs regulate chemical processes by inhibiting/blocking the function of enzymes, specifically, serine proteases. Most SERPINs are plasma proteins that play pivotal roles in physiological processes such as blood coagulation, fibrinolysis, and inflammation [12] . Upon binding to their target proteins, an irreversible change in the structure of the target protein-serpin complex prevents the target protein from completing any further reactions, and it is removed from the bloodstream [11] . While most SERPINs control proteolytic cascades, certain SERPINs do not have an inhibitory function on proteases [14, 16, 45] ; instead they perform diverse functions such as storage (ovalbumin, in egg white) and hormone binding (cortisolbinding globulin) [11, 45] .
Homeostatic regulation of serine proteinases is achieved mainly through interactions with inhibitors belonging to the large metazoan, plant, and virus serpin superfamily [46] . Some clade B SERPINs are thought to be secreted because of their regulatory effects on cell-cell and cell-matrix interactions, and others can be detected in both intracellular and extracellular areas of tissues [47, 48] . In addition, antiproteinase systems of most tissues have several combinations of SERPIN B clade proteins [16] . For example, most human clade B SERPINs inhibit serine and/or papain-like cysteine proteinases to protect cells from exogenous and endogenous protease-mediated damage [16] . Clustering of 13 SERPINB genes occurs in two regions of chromosome 6p25 and 18q21 in the human genome [16, 49] . The human SERPINB11 gene, located on chromosome 18q21, is highly conserved with its mouse ortholog, but it has no known inhibitory activity [14] .
In this study, tissue-specific expression of SERPINB11 mRNA and protein was found in most parts of the chicken oviduct. Except for the infundibulum, SERPINB11 is specifically expressed in GE and LE of the oviduct treated with DES. Based on these results, we suggest that SERPINB11 has functional roles in oviduct development, differentiation, and function critical to the reproductive biology of the laying hen. In a previous study, we examined transcript changes in chick oviducts after exposure to DES [20] that binds strongly to estrogen receptor alpha to act as an agonist with similar effects similar to that of 17b-estradiol [5, 50, 51] . Through microarray analysis, we found that the SERPINB11 expressed changed significantly during oviduct development in chickens. Result of the present study indicate that DES induces significant increases in expression of SERPINB11 mRNA and protein in a tissue-and cell-specific manner that is coordinate with development, differentiation, and function of the various anatomical components of the oviduct in chickens. 
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